Abstract. Cervical cancer is a serious malignancy that affects the health of females. In the present study, the association between breast cancer type 1 susceptibility protein/breast cancer type 2 susceptibility protein-containing complex subunit 3 (BRCC3) and cervical cancer was investigated. Reverse transcription-quantitative polymerase chain reaction and western blotting were performed to determine BRCC3 mRNA and protein expression levels in cervical cancer tissues and cells, in addition to the expression levels of proteins associated with the epithelial-mesenchymal transition (EMT) process in HeLa and SiHa cells. Cell Counting Kit-8, Transwell and wound healing assays were performed to determine the cell viability, invasion and migration abilities of cervical cancer cells, respectively. The results of the present study revealed that BRCC3 expression was significantly increased in cervical cancer tissues, which was also revealed to be associated with the clinical stages and pathological grades of cervical cancer exhibited by patients, in addition to the survival time. Furthermore, BRCC3 expression levels were enhanced in HeLa, SiHa and C-33A cervical cancer cells. BRCC3 interference in HeLa and SiHa cells was revealed to suppress cell viability, invasion and migration abilities via upregulation of E-cadherin expression levels and downregulation of Vimentin, matrix metalloproteinase (MMP)-2, MMP-9, snail family transcriptional repressor (Snai)1 and Snai2 expression levels. In conclusion, the expression levels of BRCC3 were revealed to be increased in cervical cancer tissues, which were positively associated with clinical features of cervical cancer. Furthermore, BRCC3 interference inhibited the cell viability, invasion and migration abilities of HeLa and SiHa cells via regulation of EMT progression and expression levels of Snai family members. In addition, the results of the present study suggested that BRCC3 represents an oncogene associated with cervical cancer, and may also represent a novel therapeutic biomarker for the diagnosis, treatment and prognosis of patients with cervical cancer.
Introduction
Cervical cancer is one of the most common malignant tumors diagnosed among females worldwide (1) . Furthermore, cervical cancer has a high incidence rate and exhibits the second highest mortality rate associated with cancer in women (2, 3) . Thus, cervical cancer seriously affects the health of women (4, 5) . Furthermore, ~470,000 novel cases occur each year worldwide, resulting in 233,000 patients with cervical cancer succumbing to the disease annually (6) . A previous study revealed that >85% of patients with cervical cancer live in developing countries (7) .
Human papillomavirus (HPV) infection is one of the leading causes of cervical cancer and is associated with a majority of cervical cancer cases (8, 9) . The primary causes of mortality associated with cervical cancer are unsuccessful surgical treatment, tumor recurrence and metastasis (10) . The first step in metastasis is localized invasion, which involves numerous phenotypic changes in the primary tumor (11, 12) . Malignant epithelial-mesenchymal transition (EMT) is an important factor leading to the development of distant tumor metastases (13, 14) . The multilayered cell structure of normal epithelial tissue does not contribute to the movement and invasion of malignant cells (15) , and thus to develop the capability of movement and invasion, tumor cells lose epithelial phenotypes, leading to EMT progression (16) . Cellular gene expression profiles are also altered in tumor cells: The expression levels of marker proteins, including E-cadherin, of epithelial cells are downregulated; whereas, the expression of markers, including vimentin, of mesenchymal cells are upregulated (17, 18) . Interactions among epithelial cells disappear. Cells exhibit a more mesenchymal phenotype, causing them to exhibit stronger motor abilities in order to induce local infiltration and invasion of tumor cells into the blood vessels and lymph vessels, in addition to subsequent transfer to distant target organs (19, 20) . The zinc-finger transcription Snai protein family regulates chromatin, which may induce the progression of EMT in cancer cells and promote cancer progression and metastasis (21) .
Breast cancer type 1 susceptibility protein/breast cancer type 2 susceptibility protein-containing complex subunit 3 (BRCC3) is an E3 ubiquitin ligase (22) . BRCC3 is associated with G2/M arrest in breast cancer cells and DNA damage (23) . The expression of BRCC3 is associated with increased cell proliferation (24) . Previous studies have also revealed that BRCC3 is associated with nasopharyngeal carcinoma and ovarian cancer (25, 26) . A further study demonstrated that suppression of BRCC3 may render glioma cells more sensitive to chemotherapy treatment (27) . However, whether BRCC3 has an effect on cervical cancer remains unknown. The aim of the present study was to investigate the association between BRCC3 and clinical features of cervical cancer, in addition to determining the underlying molecular mechanism, particularly in association with EMT. The results of the present study revealed that BRCC3 represented a novel biomarker associated with cervical cancer, which may further develop therapeutic applications for the treatment of cervical cancer.
Materials and methods

Patients and tissues.
Human cervical cancer tissue samples were obtained from 46 patients with cervical cancer between August 2016 and August 2017 in Jinhua Municipal Central Hospital, Jinhua Hospital of Zhejiang University (Jinhua, China). According to the International Federation of Gynecology and Obstetrics (FIGO) criteria (28, 29) , 17 patients were suffering from stage I/II cervical cancer, and the remaining 29 patients were suffering from stage III/IV cervical cancer. Normal control tissues were separated from corresponding adjacent cancerous tissues. No radiotherapy or chemotherapy was performed prior to sample collection. In addition, patients were divided into two groups relative to the median values of BRCC3 expression levels, according to previously published criteria (30) . Obtained tissues were frozen and preserved in liquid nitrogen, and subsequently prepared for reverse transcription-quantitative polymerase chain reaction (RT-qPCR) and western blot analyses. Written informed consent was obtained from all patients, and the present study was approved by the ethics committee of Jinhua Municipal Central Hospital, Jinhua Hospital of Zhejiang University (Jinhua, China). Transwell assay. Transwell assays were performed to investigate the function of BRCC3 on the invasive abilities of HeLa and SiHa cells. Cells from the siBRCC3, NC and control groups were suspended in complete DMEM without FBS (1x10 6 cells/ml) and subsequently transferred into the upper chambers of 24-well plates coated with Matrigel (BD Biosciences, Franklin Lakes, NJ, USA). Lower chambers were filled with complete DMEM and 10% FBS. Following incubation for 48 h at 37˚C, invaded cells were stained with 0.1% crystal violet for 30 min at 37˚C and cell numbers were counted under a light microscope (Leica Microsystems GmbH, Wetzlar, Germany) in five randomly selected high-power fields, with 100x magnification.
Wound healing assay. Wound healing assays were performed to investigate the effect of BRCC3 on the migration abilities of HeLa and SiHa cells. Cells from the siBRCC3, NC and control groups were seeded in three independent 12-well plates (1x10 5 cells/well). Following being cultured overnight, the cell layer was scratched using a pipette tip. Cells were subsequently cultured in a humidified incubator at 37˚C for 48 h. The width of the wounded area was measured using a light microscope (Leica Microsystems GmbH), at x100 magnification.
RT-qPCR. RT-qPCR assays were performed to determine the mRNA expression levels of target genes and the 2 -ΔΔCq method of quantification was employed (31) . RT was performed using 1 µg RNA, which was extracted from different groups (Control, NC, siBRCC3) of HeLa and SiHa cells, using TRIzol ® reagent (Invitrogen; Thermo Fisher Scientific, Inc.). An AMV reverse transcription system (Promega Corporation, Madison, WI, USA) was used to obtain cDNA templates, with 40˚C for 60 min and 70˚C for 5 min. The primers used for the determination of E-cadherin, Vimentin, matrix metalloproteinase (MMP)-2, MMP-9, snail family transcriptional repressor (Snai)1, Snai2, BRCC3 and β-actin expression levels were all purchased from Invitrogen (Thermo Fisher Scientific, Inc.), and the sequences of these primers are presented in Table I . β-actin was used as an internal control. qPCR amplification was performed using the following thermocycling conditions: Pre-denaturation at 95˚C for 35 sec; followed by 40 cycles of denaturation at 95˚C for 10 sec and annealing/extension at 60˚C for 40 sec. A SYBR Green PCR Mix (Applied Biosystems; Thermo Fisher Scientific, Inc.) was used to perform qPCR, in addition to an ABI 7300 Thermocycler (Applied Biosystems; Thermo Fisher Scientific, Inc.). Relative mRNA levels were normalized against β-actin expression levels in each sample.
Western blotting. Western blotting was performed to determine the protein expression levels of RBCC3, EMT-associated proteins (E-cadherin, Vimentin, MMP-2 and MMP-9), as well as Snai1 and Snai2, in cervical cancer and normal tissues. Total protein was extracted using Total Proteins Extraction kit (Beijing Solarbio Science & Technology Co., Ltd., Beijing, China) and quantified using a bicinchoninic acid assay kit (Beyotime Institute of Biotechnology), according to the manufacturer's protocol. An ultra-microspectrophotometer (Nanodrop 2000; NanoDrop; Thermo Fisher Scientific, Inc., Wilmington, DE, USA) was used to further determine protein concentration. Following this, total protein (10 µg) was added to a 10% SDS-PAGE gel, separated and transferred onto polyvinylidene fluoride membranes. Following blocking with 5% skimmed dried milk for 1 h at room temperature, membranes were incubated with primary antibodies against the following proteins at 4˚C overnight: BRCC36 (encoded by the BRCC3 gene in humans; cat. no. ab62075; 1:1,000; Abcam, Cambridge, UK), E-cadherin (cat. no. ab15148; 1:500; Abcam), Vimentin (cat. no. ab45939; 1:1,000; Abcam), MMP-2 (cat. no. ab92536; 1:1,000; Abcam), MMP-9 (cat. no. ab38898; 1:1,000; Abcam), Snai1 (cat. no. ab82846; 1:1,000; Abcam), Snai2 (cat. no. ab27568; 1:1,000; Abcam) and β-actin (cat. no. ab8227; 1:2,000; Abcam). Following this, membranes were incubated with goat anti-rabbit immunoglobulin G H&L HRP (1:5,000; ab205718 and ab6721; Abcam) at 37˚C for 1 h. Following this, proteins were visualized using an enhanced chemiluminescence detection assay (GE Healthcare, Chicago, IL, USA). Relative protein quantities were normalized against β-actin expression levels in each sample. Densitometric analysis was performed using Quantity One software version 4.6.2 (Bio-Rad Laboratories).
Statistical analysis. Statistical analyses were performed using SPSS 22.0 (IBM Corp., Armonk, NY, USA). Each assay was independently replicated a minimum of three times. Data are presented as the mean ± standard deviation. A χ 2 test was used to analyze non-continuous variables. To analyze continuous variables, the Student's t-test or one-way analysis of variance followed by Tukey's multiple comparisons test was performed to determine statistically significant differences. Kaplan-Meier assays were used to determine survival analysis. P<0.05 was considered to indicate a statistically significant difference.
Results
Expression levels of BRCC3 are upregulated in cervical cancer tissues and cells.
To investigate the function of BRCC3 in cervical cancer, the mRNA and protein expression levels of BRCC3 in cervical cancer tissues were determined via RT-qPCR and western blot analyses, respectively. The results demonstrated that the mRNA and protein expression levels of BRCC3 significantly increased in cervical cancer tissues compared with normal cervical tissues (P<0.01; Fig. 1A-C) . Representative western blotting images are presented in Fig. 1B . Presentations of clinical symptoms were analyzed, and the results revealed that increased levels of BRCC3 were significantly positively associated with advanced stages of cervical cancer as determined by the FIGO grading system, while the increased levels of BRCC3 were also related to the lower differentiated grades of cervical cancers, of highly malignant tumors (29,32; Table II ). The results of survival analyses demonstrated that patients with cervical cancer and increased levels of BRCC3 exhibited a decreased survival time compared with patients with cervical cancer and decreased levels of BRCC3 (Fig. 1D ). Continuous infection with HPV is the predominant factor resulting in the development of cervical cancer, particularly infection with HPV16 and HPV18. BRCC3 mRNA and protein expression levels were investigated in different cervical cancer cell lines, including HeLa (HPV-18 results demonstrated that the mRNA and protein expression levels of BRCC3 were significantly increased in all cervical cancer cell lines compared with normal cervical cells; however, no statistically significant differences were observed between the cervical cancer cell lines (P<0.01; Fig. 1E-G Fig. 2D and E).
BRCC3 interference suppresses the invasion and migration abilities of cervical cancer cells.
The effect of BRCC3 interference on the invasion and migration abilities of cervical cancer cells was investigated in the present study by performing wound healing and Transwell assays, respectively. The results demonstrated that compared with the NC group, the invasion rates exhibited by transfected HeLa and SiHa cells were significantly decreased compared with the NC group to 69.7 and 64.5%, respectively ( Fig. 3A and B) . Furthermore, the migration rates exhibited by transfected HeLa and SiHa cells were significantly decreased to 65.6 and 62.3% compared with the NC group, respectively (P<0.01; Fig. 3C and D) . In addition, no statistically significant differences were exhibited between the invasion and migration rates of HeLa and SiHa cells (P>0.05; Fig. 3 ). 
BRCC3 interference inhibits EMT progression and the Snai pathway in cervical cancer cells.
To investigate the molecular mechanisms underlying the inhibitory effect of BRCC3 silencing on the invasion and migration abilities of cervical cancer cells, in addition to cell viability levels, the effect of siBRCC3 on the expression levels of EMT-associated factors was determined via RT-qPCR and western blotting. The results demonstrated that E-cadherin was significantly upregulated in transfected cells compared with the NC group, whereas the mRNA and protein expression levels of Vimentin, MMP-2 and MMP-9 were significantly downregulated in transfected HeLa and SiHa cells compared with the NC group (P<0.01; Fig. 4A-C) . Therefore, the results suggested that BRCC3 interference inhibited cell migration and invasion abilities in cervical cancer cells via regulation of EMT-associated factors.
In addition, the mRNA and protein expression levels of Snai1 and Snai2 in transfected HeLa and SiHa cells were investigated via RT-qPCR and western blotting analyses. The results revealed that mRNA and protein levels of Snai1 and Snai2 were significantly decreased in transfected cells compared with the NC group (P<0.01; Fig. 4D-F) .
Discussion
Considering that cervical cancer represents a malignant tumor that has the second highest incidence rate among females, the disease has attracted much attention, and studies are continuously being performed to establish improved diagnosis and treatment strategies (33) . Tumor recurrence and migration represent the principal factors associated with surgical failure (34) . In the present study, a novel tumor oncogene, BRCC3, was investigated, in addition to its function and mechanism associated with the invasion and migration abilities of cervical cancer cells.
Clinical analyses of cervical cancer tissues and adjacent normal tissues, obtained from 46 patients with cervical cancer revealed that BRCC3 expression was significantly increased in cervical cancer tissues, and BRCC3 expression levels were positively correlated with increasing clinical stages and pathological grades. Patients with increased expression levels of BRCC3 exhibited shorter survival times. This suggested that BRCC3 has important oncogenic roles and may represent a target gene for the diagnosis and treatment of patients with cervical cancer. To further investigate the molecular mechanism underlying the association between BRCC3 and cervical cancer, the expression levels of BRCC3 in three cervical cancer cell lines (HeLa, SiHa and C-33A cells) were determined. The results revealed that the expression levels of BRCC3 were increased all three cell lines. Considering that HPV infection is the leading cause of cervical cancer, and that >70% of cervical cancer is caused by HPV-16 and HPV-18 infection, the molecular mechanism underlying the effect of BRCC3 on HPV-18 + HeLa cells and HPV-16 + SiHa cells was also investigated via BRCC3 interference. The results demonstrated that BRCC3 interference inhibited the cell viability, and the invasion and migration abilities, of HeLa and SiHa cells.
EMT has an important role in embryonic development, chronic inflammation, tissue remodeling, cancer metastasis and numerous fibrotic diseases (25) . The principal characteristics of EMT include decreased levels of cell adhesion molecules (including E-cadherin), the transformation of the cytokeratin cytoskeleton to a Vimentin-based cytoskeleton, and the development of morphological characteristics associated with mesenchymal cells (35, 36) . E-cadherin can regulate the activity of tight junctions in cells and prevent cell invasion and migration. A previous study demonstrated that decreased expression of E-cadherin induces EMT (37) .
Expression of E-cadherin may be regulated at numerous levels of transcription, translation and post-translational protein degradation (38) . Vimentin is a type III intermediate filament protein in mesenchymal cells and represents the principal component of the cytoskeleton. Dysregulation of vimentin has been previously demonstrated in metastatic cells (39) . MMPs are zinc-dependent endopeptidases that contribute to extracellular matrix degradation and are associated with tumor invasion and metastasis (40) . MMPs are predominantly composed of non-glycosylated MMP2 and glycosylated MMP9, which belong to the type IV collagen protein family. Collagen degradation affects levels of cell invasion and tumor metastasis (41) . Expression levels of MMP2 and MMP9 are closely associated with cervical cancer metastasis (42, 43) . In the present study, the knockdown of BRCC3 significantly inhibited the expression of MMP2 and MMP9, which suppressed the invasion and migration of HeLa and SiHa cervical cancer cells. Therefore, the results suggested that knockdown of BRCC3 suppressed EMT progression in cervical cancer cells.
In different tumors affecting humans, aberrant expression levels of Snai1 and Snai2 may affect EMT progression, cell invasion and migration (44, 45) . Snai1 has been demonstrated to induce hepatocellular carcinoma via enhancement of cell growth (46) , and to accelerate pancreatic tumor growth (47) and breast cancer development (48) . The results of the present study revealed that the knockdown of BRCC3 inhibited the expression of Snai1 and Snai2. In addition, a previous study demonstrated that the knockdown of Snai1 may be associated with MMP9, which subsequently induces the EMT process (49) . Therefore, knockdown of BRCC3 may inhibit the EMT progress via regulation of Snai1/2 and MMP2/9 expression levels, thereby decreasing the invasion and migration of cervical cancer cells.
In conclusion, the results of the present study revealed a novel oncogene in cervical carcinoma, which was highly expressed in the majority of cervical cancer tissues and was demonstrated to be positively associated with cervical cancer progression. Knockdown of BRCC3 in HeLa and SiHa cervical cancer cells revealed that BRCC3 interference inhibited the viability, in addition to the invasion and migration abilities, of cervical cancer cells via regulation of Snai family members and MMPs, which subsequently inhibit the progress of EMT. The results of the present study suggested that BRCC3 may represent an effective target gene for the diagnosis and treatment of cervical cancer.
